Introduction
Breast carcinoma is a common and principal cause of cancer-related death in women worldwide. 1 Disorder in development of mammary epithelia is a prominent process contributing to tumorigenesis of breast carcinoma. 2 The forkhead box (FOX) transcription factor superfamily is characterized by a highly conserved forkhead/winged helix DNA-binding domain. FOX family has been found to mediate a wide spectrum of biological processes, such as proliferation, apoptosis, differentiation, metabolism, and migration. 3, 4 An increasing evidence has revealed that the abnormal expression of FOX transcription factors results in the onset and progression of multiple cancers through directly regulating epithelial-mesenchymal transition (EMT). 5 Forkhead box N2 (FOXN2), a member of the FOX transcription factor family, has been found to play key roles in various types of human cancers. A recent report has indicated that FOXN2 is downregulated and serves as a tumor suppressor in T-cell leukemia. 6 Moreover, FOXN2 also inhibits tumorigenesis and radioresistance in lung cancer. 7 In addition, downregulation of FOXN2 is closely associated with adverse prognosis in adult glioblastoma multiforme treated with radiotherapy or chemotherapy. 8 Above studies have provided obvious clues regarding FOXN2 function in cancer development. Nevertheless, the function of FOXN2 in breast cancer is still unknown.
Previous reports have shown that EMT is an essential phenotypic event during embryonic development and tissue remodeling. [9] [10] [11] In cancer, EMT induces epithelial cells to lose their polarity and become migratory mesenchymal cells, thereby facilitating tumor invasion and metastasis. [12] [13] [14] [15] The loss of E-cadherin and gain of N-cadherin have been frequently observed in tumor cells undergoing EMT. 12, 16 In addition, expression of the intermediate filament protein vimentin, which is known to induce changes in cell motility, is a classic marker of EMT. 17 In EMT programming, pleiotropic EMT-related transcription factors (EMT-TFs), such as ZEB1, SNAIL1, and SNAIL2, form an interaction network in concert to regulate the EMT phenotype. 18 The present study verified that FOXN2 was downregulated in breast cancer tissues and cell lines. The low expression of FOXN2 was associated with tumor size, pathological grade, and lymph node metastasis. In addition, downregulation of FOXN2 predicted a poor prognosis. The in vitro experiments demonstrated that knockdown of FOXN2 significantly promoted the proliferation, migration, and invasiveness of breast cancer cells. In addition, FOXN2 also repressed EMT through regulation of SLUG. Here, we proved FOXN2 as an attractive therapeutic target for the treatment of breast cancer.
Patients and methods

Patients and tissue samples
A total of 130 pairs of breast cancer tissues and adjacent normal tissues were obtained from patients with breast cancer who underwent surgery at Linyi Central Hospital of Shandong from April 2006 to April 2008. The patients who received radiotherapy or chemotherapy before surgery were excluded, and breast cancer tissues were confirmed using pathological method. Written informed consent was obtained from each patient, and the experiments of human tissue samples were approved by the Clinical Research Ethics Committee of Linyi Central Hospital of Shandong.
Cell lines and culture conditions
Human MCF-7 and MDA-MB-231 breast cancer cell lines and the human MCF-10A nontumorigenic breast cell line were acquired from the Shanghai Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, and Chinese Academy of Sciences (Shanghai, China). MCF-7 cell was cultured in DMEM (HyClone, Logan, UT, USA) supplemented with 1% penicillin, 1% streptomycin, and 10% FBS (HyClone) at 37°C in 5% CO 2 atmosphere. MDA-MB-231 cells were cultured in L-15 medium (HyClone) supplemented with 1% penicillin, 1% streptomycin, and 10% FBS at 37°C without CO 2 atmosphere. MCF-10A cells were cultured in DMEM/F12 medium supplemented with insulin (10 µg/mL), EGF (10 ng/mL), heat-inactivated horse serum (5%), cholera toxin (1 µg/mL), and hydrocortisone (1 µg/ mL) at 37°C in 5% CO 2 atmosphere.
Cell transfection
siRNA targeting FOXN2 or SLUG and scramble siRNA (SCR) were chemically synthesized from GenePharma Co., Ltd (Shanghai, China). MCF-7 and MDA-MB-231 cells were added to six-well plates (Corning Incorporated, Corning, NY, USA) at a density of 4×10 5 cells/well and incubated to reach approximately 30%-40% confluence. Then, cells were transfected with SCR or FOXN2 siRNA (siFOXN2) using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. After transfection for 48 hours, the transfection efficiency was confirmed by quantitative reverse transcription PCR (RT-qPCR) and Western blot analysis. Three biological replicates were carried out. The following primers were used: siFOXN2-1: 5′-GAGGAGUUACGGCAAUGCA-3′; siFOXN2-2: 5′-CCUUGCUGGAAUUCGUACA-3′; SLUG siRNA: 5′-GGAATATGTGAGCCTGGGCGCC-3′; SCR: 5′-GAACCGTGTCTTCCTCAGTATC-3′.
Western blotting assay
Total protein was prepared from cells using RIPA buffer (Beyotime, Jiangsu, People's Republic of China). The concentration of protein samples was measured using a BCA kit (Pierce, Waltham, MA, USA) according to the manufacturer's instructions. Fifty micrograms of cell lysates was loaded on 8% SDS-PAGE gel and then transferred onto a polyvinylidene difluoride (PVDF) membrane. After blocking with 5% nonfat dry milk, the membrane was incubated with indicated antibodies at 4°C overnight. After washing with Tris buffered saline-Tween 20 (TBST) for three times, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 hour and washed with TBST for three times. Finally, the proteins were visualized with an ECL Western blotting detection kit (Amersham Biosciences, Little Chalfont, UK) 
Rna extraction and RT-qPCR
Total RNA was extracted from tissues and cells using TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer's protocol. Two micrograms of total RNA extracted was subjected to synthesize cDNA using a one-step RT-PCR kit (TaKaRa, Tokyo, Japan). Subsequently, SYBR Green Mix (Roche Diagnostics, Mannheim, Germany) was used to perform RT-PCR with an ABI 7300 real-time PCR thermal cycle instrument (Thermo Fisher Scientific, Waltham, MA, USA). GAPDH served as an internal control. The relative gene expression was calculated with the 2 -ΔΔCq method. The primers were as follows: FOXN2, forward: 5′-AGTCCATTGTATGACATAGAGGG-3′ and reverse: 5′-TTCCATTAACCTTGCCATGG-3′; E-cadherin, forward: 5′-CCTCGAACTATATTCTTCTGTGAG-3′ and reverse: 5′-ATAGATTCTTGGGTTGGGTC-3′; N-cadherin, forward: 5′-GTCATCACAGTGACAGATGTC-3′ and reverse: 5′-TTCAAAGTCGATTGGTTTGACC-3′; vimentin, forward: 5′-AAAGGAACCAATGAGTCCCT-3′ and reverse: 5′-AAGGGCCATCTTAACATTGAG-3′; SLUG, forward: 5′-AGATGCATATTCGGACCCACA-3′ and reverse: 5′-CCTCATGTTTGTGCAGGAGAG-3′; SNAIL, forward: 5′-CTGAGGGGAGGCTCATACTG-3′ and reverse: 5′-AGAGAGGCATCCTCCAGACA-3′; ZEB1, forward: 5′-GCCAACAGACCAGACAGTGTT-3′ and reverse: 5′-TCTTGCCCTTCCTTTCCTG-3′; GAPDH, forward: 5′-GGTATCGTGGAAGGACTCATGAC-3′ and reverse: 5′-ATGCCAGTGAGCTTCCCGTTCAGC-3′. All experiments were repeated three times. 
Cell counting kit 8 (CCK8) assay
Colony formation assay
MCF-7 and MDA-MB-231 cells were transfected with vector, FLAG-FOXN2 plasmid, SCR, or siFOXN2. After transfection for 48 hours, approximately 5,000 cells were plated in six-well plates and maintained in a serum-free medium. After 14 days, cells were washed with PBS three times and fixed in 4% paraformaldehyde for 10 minutes at room temperature. Cells were stained with 0.1% crystal violet (Sigma-Aldrich Co.). The number of colonies are counted using Image J software (National Institutes of Health, Bethesda, MD, USA). All experiments were repeated three times.
Wound healing assay
Approximately 5×10 5 transfected MCF-7 and MDA-MB-231 cells were seeded onto 12-well plates and incubated to reach approximately 90%-100% confluence. A scratch wound line was performed using a 20 µL pipette tip. The detached cells were removed using PBS. Cells were maintained in a serum-free DMEM. The images were taken at different time points, including the starting time point (0 hour) and at 48 hours after the scratch. The relative migration distance = (the width at 0 hour-the width at 48 hours)/the width at 0 hour. All experiments were repeated three times.
Transwell invasion assay
Tranwell invasion assay with a Matrigel-coated membrane was performed using a 24-well transwell inserts (8 mm pore filters; BD Biosciences) according to the manufacturers' protocol. For both assays, 3×10
5 transfected MDA-MB-231 cells suspended in 300 µL serum-free L-15 were seeded in the upper compartment, while the lower chamber was filled with 400 µL of L-15 medium supplemented with 10% FBS. After incubation for 18 hours, cells were stained with 0.1% crystal violate at room temperature for 10 minutes, and the cells on the upper surface of the membrane were removed with a cotton swab. Finally, the invaded cells were counted in six representative fields by a light microscopy (40× magnification). All experiments were repeated three times.
Dual luciferase assays
The pGL3 vector was purchased from Promega Corporation (Fitchburg, WI, USA) and used for dual luciferase assay. The wild-type promoter region (−2,000, +200) of SLUG was cloned into the pGL3vector (WT-pGL3-SLUG). The QuikChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) was used to mutate the promoter region of SLUG (TTAAACCACTC, MT-pGL3-SLUG). 
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4×10
5 MCF-7 or MDA-MB-231 cells were seeded in a sixwell plate and cotransfected with 1 µg WT-pGL3-SLUG or MT-pGL3-SLUG, 0.5 µg renilla, and 2 µg vector or 2 µg pcDNA3.1-FOXN2 plasmid or 30 Nm SCR or siFOXN2 using Lipofectamine 2000 (Thermo Fisher Scientific). After transfection for 24 hours, luciferase activities were measured using a Dual Luciferase Reporter Assay System (Promega Corporation) according to manufacturer's instructions. All experiments were repeated three times.
ChiP assay
ChIP assay was performed using an EZ ChIP Kit (EMD Millipore, Billerica, MA, USA) according to the manufacturer's protocol. In brief, cells were chemically cross-linked with 1% formaldehyde at 37 °C for 30 minutes, and cross-linked chromatin was sonicated into 200 bp to 1,000 bp fragments. The chromatin was immunoprecipitated using 5 µL anti-FOXN2 antibody. IgG was used as a negative control. After eluting the binding chromatin using PCR Purification kit (Qiagen NV, Venlo, the Netherlands), qRT-PCR was performed with the specific primer pairs: SLUG forward, 5′-CTGGATTAT-GCCTCTGTGAT-3′; reverse 5′-TGGTATTTATTTGCTG-GTAG-3′. All experiments were repeated three times.
statistical analyses
Data are presented as mean±SD. Statistical analyses were performed with SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA). One-way ANOVA followed by Tukey's post hoc test was used to assess the difference between multiple groups, and Student's t-test was used to assess the difference between two groups. The Kaplan-Meier method followed by log-rank test was used to plot the survival curves based on the FOXN2 relative expression and overall survival. P<0.05 was considered statistically significant. All experiments were repeated three times.
Results
The relatively lower expression level of FOXn2 in breast cancer
First, we detected the expression of FOXN2 in breast cancer tumor tissue samples using RT-qPCR. Compared to adjacent normal tissue samples, the expression of FOXN2 in tumor tissues was obviously downregulated ( Figure 1A) . Subsequently, we also detected the expression of FOXN2 in breast cancer cell lines, including MCF-7 and MDA-MB-231 cells. Nontumorigenic normal breast cell line, MCF-10A, was used as a control. The results of RT-qPCR and Western blotting analyses revealed that both mRNA and protein levels of FOXN2 expression were markedly lower in breast cancer cell lines (MCF-7 and MDA-MB-231) than that in MCF-10A cells ( Figure 1B) . After analyzing the correlation of FOXN2 expression and patient clinicopathological features, we found that the downregulation of FOXN2 was associated with tumor size, pathological grade, and lymph node metastasis (Table 1 ; P<0.05). In addition, Kaplan-Meier followed by log-rank was used to analyze the survival rate, suggesting that the patients with low expression of FOXN2 had a poor prognosis ( Figure 1C; P<0.05) . Together, our findings reveal that downregulation of FOXN2 plays a key role in breast cancer development.
Downregulation of FOXn2 in breast cancer cells promotes breast cancer proliferation
Next, we explored whether the regulation of FOXN2 could affect the proliferation of breast cancer cells. We established FOXN2-knockdown or overexpressed cells using siRNA for human FOXN2 or pcDNA3.1-FOXN2, respectively. The expression of FOXN2 was determined using RT-qPCR and Western blotting analyses (Figure 2A and B) . siFOXN2#2 was more efficient, so it was used in the further experiments. To assess the effect of FOXN2 on cellular proliferation, CCK-8 and colony formation assays were performed. The CCK-8 assay indicated that the ectopic expression of FOXN2 in MCF-7 and MDA-MB-231 cells led to impaired proliferation rate, compared with the vector group; however, knockdown of FOXN2 in MCF-7 and MDA-MB-231 cells resulted in an elevated proliferation rate, compared with the SCR group ( Figure 2C ). The effect of FOXN2 expression on the proliferation of breast cancer cells was also confirmed by colony formation assay, which demonstrated that the colony-forming efficiency was drastically decreased in cells with FOXN2 overexpression, while the knockdown of FOXN2 obviously facilitated the colony-forming efficiency ( Figure 2D) . Collectively, all these data demonstrate the inhibitory effect of FOXN2 overexpression on the proliferation of breast cancer cells in vitro, and inhibition of FOXN2 significantly facilitates breast cancer proliferation.
Overexpression of FOXn2 suppresses the migration and invasion of breast cancer cells
To examine the potential effect of FOXN2 on the motility and invasiveness, the wound healing assay and transwell invasive assay were performed in MDA-MB-231 cells. 
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FOXn2 regulates migration and invasion in breast cancer however, the width of the scratch line in FOXN2-deletion cells was significantly larger than that of the SCR group ( Figure  3A) , demonstrating that FOXN2 inhibited the migration of breast cancer cells. Transwell invasive assay was used to further validate the role of FOXN2 expression in the invasion of breast cancer cells. The result demonstrated that ectopic expression of FOXN2 inhibited cellular invasion, and inhibition of FOXN2 led to an increased number of invaded cells, suggesting downregulation of FOXN2 improved cellular invasion ( Figure 3B ).
Collectively, these data demonstrate that FOXN2 suppresses the migration and invasion of breast cancer cells.
FOXn2 represses eMT in breast cancer through regulation of slUg
Furthermore, we explored the effect of FOXN2 on EMTrelated markers expression in MCF-7 and MDA-MB-231 cells. As shown in Figure 4A and B, FOXN2 overexpression led to an elevated expression of epithelial marker E-cadherin and reduced expression of mesenchymal markers, such as N-cadherin and vimentin ( Figure 4A and B) . Meanwhile, FOXN2 inhibition obviously downregulated the expression of epithelial marker E-cadherin and upregulated the expression of mesenchymal markers, such as N-cadherin and 
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Ye and Duan vimentin, in MCF-7 and MDA-MB-231 cells ( Figure 4A and B). Subsequently, we further examined whether FOXN2 regulated EMT in breast cancer through regulation of EMTassociated transcription factors, including snail, SLUG, and ZEB1. The results of RT-qPCR and Western blotting analyses demonstrated that both mRNA and protein levels of SLUG were increased after treating with siFOXN2, whereas the expression of SLUG was decreased when FOXN2 was overexpressed ( Figure 4C and D) . However, the expression of FOXN2 had no effect on snail and ZEB1 expression ( Figure 4C ).
slUg is a direct target of FOXn2 in breast cancer cells
Our present study showed that both mRNA and protein levels of SLUG were regulated by FOXN2, indicating that FOXN2 might transcriptionally regulate SLUG expression. To verify our hypothesis, we first performed ChIP and qChIP assays to detect whether FOXN2 could bind the promoter region of SLUG. As shown in Figure 5A , when compared to IgG group, the fold of enrichment was increased almost fourfold, suggesting that FOXN2 could bind the promoter region of SLUG ( Figure 5A ). Subsequently, dual luciferase assay was performed, showing that the relative luciferase activity in MCF-7 and MDA-MB-231 cells was notably decreased after FOXN2 was overexpressed in cells; however, the relative luciferase activity in MCF-7 and MDA-MB-231 cells was notably increased after FOXN2 was knocked down ( Figure  5B ). However, FOXN2 had no effect on mutant type SLUG ( Figure 5B ). In addition, we also detected the expression of SLUG in breast cancer tissues using qRT-PCR, and the result indicated that the expression of FOXN2 was negatively correlated with the expression of SLUG ( Table 1) . The above finding suggests that FOXN2 directly regulates SLUG expression in breast cancer cells.
FOXn2 suppresses the migration and invasion of breast cancer by regulating slUg
To address directly whether the effects of FOXN2 in regulating breast cancer cell migration and invasion can be attributed to its regulation of SLUG, a rescue experiment was performed. SLUG was knocked down in FOXN2-depleted cells using a SLUG siRNA, and this effect was confirmed using RT-qPCR and Western blotting analyses ( Figure 6A ). SLUG downregulation decreased the siFOXN2-mediated migration of MDA-MB-231 cells using a wound healing assay ( Figure 6B ). We next investigated the functional roles of FOXN2 and SLUG in breast cancer cell invasion. SLUG knockdown in FOXN2-deplete cells led to a decrease in the invasion potentials of MDA-MB-231 cells in vitro ( Figure  6C ). These results suggest that the effects of FOXN2 in mediating the migration and invasion of breast cancer cells were mediated by SLUG.
Discussion
Aberrant expression of FOXN2 has been observed in some types of tumors. A recent report has indicated that FOXN2 
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Ye and Duan is downregulated and serves as a tumor suppressor in T-cell leukemia. 6 Moreover, FOXN2 also inhibits tumorigenesis and radioresistance in lung cancer. 7 In addition, downregulation of FOXN2 is closely associated with adverse prognosis in adult glioblastoma multiforme treated with radiotherapy or chemotherapy. 8 In line with these reports, in the current study, we found that FOXN2 was downregulated in breast cancer cell lines, and ectopic expression of FOXN2 significantly suppressed the proliferation and migration as well as invasion of breast cancer cells. Our work suggests that FOXN2 may act as a tumor suppressor in the progression of breast cancer. Metastatic potential is a hallmark of the advanced breast cancer. EMT has been reported to play an essential role in the metastasis of many types of cancers, including breast cancer. [19] [20] [21] EMT is characterized by inhibition of epithelial 
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FOXn2 regulates migration and invasion in breast cancer and FOXO are required for EMT. 22 Moreover, silencing of FOXN2 has been found to repress cancer stem cells and the mesenchymal phenotype. 23 In the current study, we found that the ectopic expression of FOXN2 dramatically suppressed breast cancer cell migration and invasion and altered expression of EMT markers, such as E-cadherin and N-cadherin. In addition, we found that FOXN2 could transcriptionally regulate SLUG expression, and the expression of FOXN2 was negatively correlated with the expression of SLUG in breast cancer tissues. These results reveal that FOXN2 might be an essential contributor to EMT progression, thereby promoting the migration and invasion of breast cancer cells.
Recently, Ma et al indicated that FOXN2 silencing promotes cell cycle redistribution and tumorigenesis in lung cancer. 7 In the present work, we found that FOXN2 also inhibited cell proliferation in breast cancer. However, there are some limitations in this study. The detailed mechanism of FOXN2 on cell proliferation was still unknown. ChIP-seq assay and tumorigenesis in vivo assay need to be performed. Moreover, the expression of FOXN2 in each breast cancer type, such as luminal A, luminal B, and Her2, need to be further investigated. It is interesting to decipher the roles of FOXN2 in different types of breast cancers.
Taken together, our results revealed for the first time that FOXN2 plays a critical role in cell proliferation and migration as well as invasion, at least in part, through inhibiting the EMT attractive therapeutic target for the treatment of breast cancer.
